Ectopic expression of telomerase in telomerase-silent cells is sufficient to overcome senescence and to extend cellular lifespan. We show here that the catalytic subunit of human telomerase (hTERT) crosslinks telomeres. This interaction is blocked by the telomere repeat binding factor 1, but not by a dominant negative form of this protein. It is also abolished by destruction of the RNA component of telomerase as well as by mutations in the hTERT protein.
Introduction
The mammalian telomeres are composed of TTAGGG arrays bound by a complex of specialized proteins that protect chromosome ends from exonucleolytic attack, fusion and incomplete replication. Telomeres shorten as a function of age in cells derived from normal human blood, colonic mucosa and skin (Hastie et al., 1990; Allsopp et al., 1992; Levy et al., 1992; Vaziri et al., 1994) . It has been suggested as a result of this shortening that transcriptional profile of critical genes at the ends of the chromosomes may be altered (Levy et al., 1992; Olovnikov, 1992) or undergo a change in gene expression (Wright and Shay, 1992) , leading to cell growth arrest. Biochemical and genetic studies have established an association between telomere maintenance and extended lifespan mediated through the expression of TERT. Telomerase is a reverse transcriptase that synthesizes telomeric DNA thereby compensating for telomere loss that occurs with each replication cycle.
Ectopic expression of hTERT prevents replicative senescence in several cell types including fibroblasts and epithelial cells (Bodnar et al., 1998; Vaziri and Benchimol, 1998; Ouellette et al., 2000; Wood et al., 2001) . It may also exert an antiapoptotic action at an early stage of the cell death process prior to mitochondrial dysfunction and caspase activation (Fu et al., 2000) . It has been proposed that telomere shortening during human replicative aging generates antiproliferative signals that mediate p53-dependent G 1 arrest as is observed in senescent cells (Vaziri et al., 1997) . In support of this idea, Wong et al. (2000) reported that telomere dysfunction in mTerc null mice impairs DNA repair and subsequently leads to cell growth arrest; and Goytisolo et al. (2000) reported radiosensitivity of the late generation telomerase knockout mice. Choi et al. (1997) demonstrated that telomerase expression suppresses senescence-associated genes in Werner syndrome cells. However, it is not known how the TERT protein influences gene expression and subsequently extends the lifespan of a cell. Here we show for the first time that hTERT interacts with the telomeres and influences the interaction of telomeres with the nuclear matrix. It leads to transcriptional alteration along with increased G 1 chromosome stability, enhanced DNA repair and increased NTP pools. These effects seem to be independent of the effect of telomerase on telomere length.
Results

hTERT associates with the telomeres
To investigate whether hTERT associates with telomeres, human foreskin fibroblasts (HFF) with (HFF+hTERT) and without (HFF) ectopic hTERT expression were examined. Stable human fibroblasts (HFF+hTERT) were generated by infection with an hTERT-expressing retrovirus as previously described (Wood et al., 2001) . To determine the levels of ectopically expressing hTERT in HFF+hTERT cells, Western blotting was performed to detect hTERT by using an anti-hTERT antibody. The antibody recognized hTERT in protein extracts of HFF+hTERT and HeLa cells while no such band was detected in HFF cells ( Figure 1a ). Further, it was investigated whether hTERT antibody recognizes the mutant hTERT (DhTERT). This was achieved by infecting adenovirusexpressing hTERT with deletions in the reverse transcriptase (RT) motif in HFF cells (HFF+Ad.Dh-TERT). hTERT antibody recognized the mutant protein in HFF+Ad.DhTERT cells (Figure 1a ). The hTERT antibody also immunoprecipitates (IP) functional telomerase complex as determined by a TRAP-ELISA assay (Figure 1b ). Immunoprecipitates from HFF+hTERT and HeLa cells had telomerase activity. However, no activity was found in the immunoprecipitates of HFF+Ad.DhTERT or control HFF cells. These results confirmed the specificity of the hTERT antibody for detection of hTERT protein and functional telomerase complex.
To determine the association of hTERT with telomeres, formaldehyde-crosslinked chromatin from HFF, HFF+hTERT and HeLa cells was immunoprecipitated using anti-hTERT and anti-p21 antibodies. By using the chromatin-immunoprecipitation (ChIP) procedure (Levy et al., 1992; Braunstein et al., 1993) , we found that hTERT crosslinks with bulk genomic DNA as well as telomeric DNA (Figure 1c ). To rule out the possibility that hTERT interaction with the telomeres is because of nonspecific binding, we investigated whether a negative regulator of telomerase, TRF1, influences hTERT binding to telomeres. Association of hTERT with telomeres was examined in the cells that overexpress intact or truncated version of TRF1. This was achieved by infecting HFF+hTERT cells with adenovirus-expressing TRF1. The levels of TRF1 protein were analyzed by Western blots. TRF1 increased Note that the telomerase activity was found in IPs with anti-hTERT antibody in HFF+hTERT and HeLa cells, whereas no such activity was observed in HFF and HFF+Ad. DhTERT cells. (c) In vivo crosslinking of HeLa, HFF+hTERT and HFF cells, followed by immunoprecipitation with anti-hTERT or anti-a-p21 antibody. The following probes were used for hybridization: telomeric DNA, total human genomic DNA and Alu DNA; no formaldehyde treatment (ÀF) or formaldehyde treatment for 1 h (+F). The same blots were used for hybridization with different probes after the stripping of the probe from the blot. Note that no telomeric signal is detected in DNA immunoprecipitated with a-p21 antibody, whereas only DNA coimmunoprecipitated by hTERT antibody after formaldehyde crosslinking showed telomeric signals. Immunoprecipitation by hTERT in HFF cells resulted in no telomeric signals at least four-fold 48 h postinfection (Figure 2a) . Interestingly, cells overexpressing wild-type TRF1 showed reduced interaction of hTERT with telomeres ( Figure 2b ). The degree of interaction correlated inversely with the level of TRF1 (Figure 2a, b) . However, truncated TRF1 (lacking the Myb DNAbinding domain) has no effect on the interaction of hTERT with telomeres (data not shown). These observations suggest that hTERT directly interacts with telomeres and such interaction is blocked by TRF1 (a protein that specifically interacts with TTAGGG repetitive sequences). These studies are consistent with the view that the shielding of telomeric ends and their elongation by telomerase are dependent on telomerebinding proteins especially TRF1 (Smith and de Lange, 1997; Pandita, 2002) .
We next investigated if the association of telomerase with telomeres is dependent on the RNA component of telomerase (hTR). To determine whether hTR is required for the association of hTERT with telomeres, two different approaches were applied. First, HFF+hTERT cells were treated with an antisense oligonucleotide directed against hTR linked to a 2-5A (5 0 -phosphorylated 2 0 -5 0 -linked oligoadenylate) molecule (2-5A-anti-hTR) as described by Kondo et al. (1998) . A 2-5A-antisense-hTR oligonucleotide is targeted against the predicted loop of hTR (nucleotides 76-94). HFF+hTERT cells treated with 4 mm 2-5A antisense oligonucleotide for 48 h showed loss of hTR (Figure 2c ). However, hTERT protein levels in 2-5A-anti-hTR-treated cells were comparable to control (data not shown). Interestingly, 2-5A-anti-hTR-treated cells showed markedly decreased interaction of the hTERT with telomeres, but hTERT binding to bulk genomic DNA was unaffected (Figure 2d ). These results suggest that association of hTERT with telomeres is dependent upon hTR. In the second approach, primary HFF cells Note a decrease in the amount of telomeric DNA as compared to the total genomic DNA. Second approach: HFF cells were first treated with anti-sense oligonucleotides for hTR and then subsequently infected with adenovirus expressing hTERT. (e) Western analysis for hTERT protein determined after 72 h of infection with adenovirus expressing hTERT. Lane 1 represents HFF cells treated with 2-5-anti-hTR but without ectopic expression of hTERT; lane 2 represents HFF cells treated first with 2-5-anti-hTR and then infected with adenovirus expressing hTERT; lane 3 represents HFF cells infected with adenovirus expressing hTERT and; lane 4 represents HeLa cells. Note that the hTERT protein is expressed in cells with and without treatment with 2-5-anti-hTR. (f) In vivo crosslinking of hTERT was performed 72 h postinfection with adenovirus expressing hTERT. Control represents HFF cells expressing hTERT and treated represents HFF cells were first treated with 2-5-anti-hTR and then infected with adenovirus expressing hTERT. Immunoprecipitation by hTERT in control (untreated) resulted in both total as well as telomeric DNA signals, whereas 2-5-anti-hTR treated resulted in only total DNA signals and no signal was observed for telomeric DNA. (g) Influence of mutations in hTERT for its interaction with telomeres. HFF+hTERT cells were infected with DhTERT in adenoviral construct and in vivo crosslinking was performed at different time points after infection. Note a decrease in the amount of telomeric DNA as compared to the total genomic DNA. The results are representative of four experiments done separately (population doubling, PD ¼ 40) were first treated with 2-5A-anti-hTR and then followed by infection with a recombinant adenovirus vector expressing hTERT (HFF+Ad.hTERT). These cells were examined 72 h after infection for hTERT protein and its interactions with telomeres. Treatment with 2-5A-anti-hTR did not affect the ectopic expression of hTERT ( Figure 2e) ; however, it did eliminate detectable telomerase activity as determined by TRAP-ELISA (data not shown). In cells treated with 2-5A-anti-hTR, hTERT protein crosslinked with total genomic DNA but did not bind to telomeres (Figure 2f ). In contrast to cells that were not treated with 2-5A-anti-hTR, hTERT crosslinked to total genomic DNA as well as telomeres (Figure 2f ). Data obtained from two different approaches suggest that hTR is essential for hTERT interaction with telomeres.
We next asked the question as to whether a catalytically active telomerase complex at telomeres is required for the interaction of hTERT with telomeres. To do so, adenovirus expressing mutant hTERT (Ad. DhTERT), with deletion in the reverse transcriptase (RT) motif (from nucleotides 2250 to 2270), were infected in HFF+hTERT (retroviral expressing hTERT stable cell line) cells. Ectopic expression of these mutants abolished the interaction of hTERT with the telomeres. Telomerase activity in such cells after 96 h of infection with adenovirus-expressing hTERT mutant was not detected by TRAP-ELISA assay (data not shown). However, as was the case with the hTR-deficient cells described above, mutant hTERT protein still associated with the bulk genomic DNA (Figure 2g ). Thus, the interaction of hTERT with telomeres requires a functionally active hTERT protein.
Influence of hTERT on gene expression
Besides the obvious function of telomerase in telomere synthesis, no other functions for telomerase at the telomeres are known. One possibility is that hTERT may modify telomere interactions with the nuclear matrix and subsequently induce alterations in transcription of certain genes. To investigate the influence of hTERT on global transcription, gene expression profiles of proliferating HFF and HFF+hTERT cells were compared according to the procedure described recently (Vafa et al., 2002) . The transcription profiles were analyzed by monitoring 5776 expressed sequence tags (ESTs) on oligonucleotide arrays. Each experiment was repeated four times. The first series of experiments were conducted on cells infected with a retroviral hTERT and then after selection for drug resistance, control HFF and HFF+hTERT cells were analyzed at various population doublings. Several possible pairings for hybridization for each of the cultures (HFF, HFF+hTERT) at PDs of 40, 50 and 60 were performed. Only known genes with greater than three-fold difference in expression levels are listed in Table 1 . In all, 67 (about 1.1%) ESTs reproducibly exhibited significant changes in expression. These results were confirmed by RT-polymerase chain reaction (RT-PCR) (Figure 3 ) and some of them were confirmed by Northern blot analysis. mRNA from cells with and without hTERT expression was used for confirmation of microarray results by RT-PCR, for 30% of genes as described in Table 1 . When the interaction of telomerase with telomeres in HFF+hTERT cells was blocked, either by overexpression of TRF1 or expression of mutant hTERT, as described earlier, the transcription profile of these cells became similar to that of HFF cells.
hTERT interaction with telomeres precedes alteration in gene expression Next, we wanted to determine whether the association of hTERT with telomeres precedes alteration in gene expression. Thus, we devised a model to examine the hTERT-telomere interaction and gene expression profiles at different time points after infection. The retrovirus-infected cells (HFF+hTERT) described above are not suitable for such experiments because of the lower infection efficiency, and thus the time that would be required to select cells resistant to drug markers. Therefore, we used a recombinant adenovirus vector expressing hTERT, infecting primary human fibroblasts at PD 50. The multiplicity of infection for adenovirus was such that >99% of cells were infected. In vitro telomerase activity in extracts of such cells was measured by a TRAP-ELISA procedure . Telomerase activity appeared 48 h after infection and peaked by 96 h (data not shown). The association of hTERT protein with the telomeric DNA sequences started to appear 48 h after infection (Figure 4a ). However, alterations in gene expression appeared 60 h after infection (Figure 4b, c) . The gene expression profiles of hTERT-expressing cells with retroviral (HFF+hTERT) infection and passage for 40 PD or adenoviral (HFF+Ad.hTERT) infection and passage for 72 h were almost identical (data not shown). When HFF cells were infected with empty vectors or mutants of hTERT gene, their expression profile did not change, suggesting that the changes are not because of nonspecific effects of infection stresses to cells. Many of the genes, whose expression in hTERT-expressing cells is decreased, are linked with senescence (Table 1) . Some of the genes that showed elevated expression in hTERTexpressing cells are involved in chromatin modification and DNA damage repair processes (Table 1) .
To determine whether transcriptional changes observed are because of hTERT alone or require an active telomerase complex, hTR was abolished, which is required for the binding of hTERT with telomeres and telomerase activity. This was achieved by treating primary HFF cells (PD ¼ 45) with 2-5A-anti-hTR and then followed by infection with a recombinant adenovirus vector expressing hTERT. These cells were examined 72 h after infection for hTERT interactions with telomeres and change in gene expression profile. In these cells, hTERT crosslinked with total genomic DNA but did not bind to telomeres ( Figure 2f ) and also did not show any change in transcription (data not shown), suggesting that functional telomerase is required for hTERT interaction with telomeres as well as transcriptional alteration.
We next addressed the question whether the enhancement of transcription of some genes in hTERTexpressing cells is caused by due to the binding of hTERT with the promoters of the genes with higher levels of expression. The interaction of hTERT with the promoters of superoxide dismutase 2 (SOD-2) and NFkappa-B was examined. Chromatin immunoprecipitation with hTERT, followed by PCR of the promoter regions of SOD-2 and NF-kappa-B, did not reveal hTERT binding with these promoters (data not shown). It is thus more likely that hTERT protein, either through its interaction with telomeres or with unknown target/s, generates a series of signals to regulate the expression of a variety of genes required for extended lifespan through indirect mechanisms.
hTERT expression influences telomere-nuclear matrix association
Although hTERT interactions with telomeres precede transcriptional alterations, the detailed mechanisms of how hTERT interacts with telomeres or chromatin and influences gene expression is not clear at present. One possibility is that hTERT interactions with telomeres may influence the association between telomeres and nuclear matrix. Recently, we and others have shown that hTERT is present throughout the nucleus but in certain instances hTERT is concentrated in the nucleolar organizing region (Tahara et al., 1999; Vaziri et al., 1999; Kawakaim et al., 2000; Wood et al., 2001; Etheridge et al., 2002) . More directly, telomeres have been shown cytologically as well as biochemically to be tethered to the nuclear matrix (Smith and de Lange, 1997; Pandita, 2002) . The nuclear matrix is a proteinaceous scaffold in the interphase nucleus isolated by removing most of the nuclear DNA and RNA, along with histones and loosely bound proteins. Since telomeres are associated with nuclear matrix (Smith and de Lange, 1997; Pandita, 2002) and such associations could influence DNA metabolism (Struhl, 1998) , we next examined whether hTERT expression influences telomere-nuclear matrix associations.
Logarithmically growing HFF (control) and HFF+hTERT cells were processed using a lithium diiodosalicylate (LIS) procedure, and the resulting nuclear matrix halos were cleaved with Sty1 (Smilenov et al., 1999) . The nuclear matrix halos are the insoluble nonchromatin scaffolding of the interphase nuclei. The nuclear remnant and associated DNA were separated by centrifugation (Smilenov et al., 1999) . For genomic blotting analysis, equal volumes representing DNA from an identical number of halos were fractionated on 1.5% agarose gels. HFF cells have 6774% of the telomeric DNA associated with the nuclear matrix (attached) (P) fraction and 3372% in the soluble (free) (S) fraction (Figure 5a ). In contrast, HFF+hTERT cells have 5472% of the telomeric DNA associated with the nuclear matrix and 4673% in the soluble fraction ( Figure 5a ). In both instances, summation of the P and S values is equal to the total telomeric DNA (T), suggesting that essentially no telomeric DNA was lost during the extraction. The ratio of P/S fractions in HFF+hTERT cells is 1.17, which is 73% less than the ratio of P/S (2.03) found in HFF cells. Further, it was determined whether such changes in the interaction of telomeres with the nuclear matrix occurred immediately after ectopic expression of hTERT. This was achieved by examining telomere-nuclear matrix interactions in HFF cells infected with adenovirus expressing wild-type hTERT, mutant hTERT and empty vector controls. The change in telomere-nuclear matrix interactions was seen only in cells infected with wild-type hTERT after 48 h of infection ( Figure 5b ). We found no change in telomerenuclear matrix interactions in cells infected with mutant hTERT (data not shown). These results suggest that ectopic hTERT expression influences the association of telomeres with the nuclear matrix and this occurs very rapidly. This reduction in telomere-nuclear matrix associations concomitant with the expression of hTERT may contribute towards the alteration of gene expression required for extending cellular lifespan.
To determine whether alterations in telomere-nuclear matrix association with ectopic hTERT expression are because of the change in the mean telomere length, we compared the mean telomere length by Southern blotting at 0, 48, 72 and 96 h postinfection of cells with the adenoviral vector expressing hTERT. No dramatic change in the mean telomere length was found in such cells ( Figure 5c ). These observations suggest that alterations in the telomere-nuclear matrix association because of functional hTERT protein are not dependent upon telomere length. These results also suggest that change in telomere length is not a prerequisite for the alteration in telomere-nuclear matrix interaction or transcription. Hemann et al. (2001) and Steinert et al. (2000) have demonstrated in mouse and human cells that the shortest telomere, not average telomere length, is critical for cell viability and chromosome stability. Therefore, the results showing no change in the average telomere length are in agreement with the maintenance of the Figure 4 Kinetics of hTERT interaction with telomeres and alteration of gene expression. (a) Time course occurrence of hTERT at the telomeres and p21 in total genomic DNA in HFF cells infected with adenovirus containing hTERT. Note the levels of hTERT bound to total or telomeric DNA increase after infection with adenovirus containing hTERT, while there is no change in p21 binding to total DNA, suggesting p21 binding is not affected by hTERT expression. (b) Quantitative RT-PCR after 35 cycles to determine the levels of SOD-2 at different time points postinfection of adenoviral construct containing hTERT in HFF cells. Note the appearance and subsequent increase of SOD-2 message after 60 h of infection, whereas there is no significant change in expression of alpha-actin. (c) The relative increase of hTERT binding to telomeres and SOD-2 expression. The estimation of hTERT binding to telomeres is relative to the p21 binding to genomic DNA and the estimation of SOD-2 gene expression is relative to alpha-actin expression. Note an increase in telomeric DNA levels coimmunoprecipitated with the increase in postinfection time, suggesting that TERT protein binds to telomeres. The intensities were quantitated by the procedure described in the Methods section. Note that the increase in the interaction of hTERT with telomeres precedes the increase in SOD-2 gene expression shorter telomeres preventing chromosome instability and cell senescence. By Southern blotting, we found no significant differences in telomere repeat fragment (TRF) sizes, when comparing DNA derived from HFF cells infected with the adenoviral vector expressing hTERT. However, this analysis only yields an appraisal of the population of TRFs generated, and does not monitor ends of individual chromosomes. To determine the presence of telomeres of each chromosome, fluorescence in situ hybridization (FISH) for telomeric repeats in metaphase cells was performed by using a telomerespecific Cy3 labeled (CCCTAA) 3 peptide nucleic acid probe. In total, 50 metaphase chromosome spreads from each cell type were included and analyzed. No significant change in telomere-specific fluorescent signals was observed in cells examined 72 h postinfection with adenoviral vector expressing hTERT ( Figure 6 ). Based on the function of telomerase on telomeres (Blackburn, 2001; Chan and Blackburn, 2002) , we believe that there may be a gain in the size of telomeres by about 100-300 nucleotides in a period of 72 h after infection with adenoviral vector expressing hTERT. However, this increase in size cannot be determined by the currently available techniques. Therefore, these results suggest that a drastic change in telomere length is unlikely to be a prerequisite for the alteration in gene expression, at least in HFF cells.
Although ectopic expression of hTERT did not result in any drastic changes in telomere length, however, such expression did influence telomere-nuclear matrix associations. Whether alteration in telomere nuclear-matrix associations correlates with the telomere stability, chromosome end associations in G 1 phase as well as metaphase cells were examined. To examine chromosome end associations in G 1 phase cells, we used the combination of the premature chromosome condensation (PCC) technique with in situ hybridization (Pandita et al., 1995) , which allows direct examination of chromosomes in the interphase cells, whether hTERT expression stabilizes telomeres and reduces spontaneously induced chromosome damage (Figure 7 ). Logarithmically or exponentially growing human cells were fused with Chinese hamster ovary (CHO) mitotic cells by the procedure described in the Methods section. Human chromosomes were detected by using either all human genomic probe or human centromeric probe. A total of 200 PCC spreads were microscopically examined for frequencies of chromosome end associations and chromosome damage. Cells with ectopic hTERT expression had only 0.04 telomeric associations per G 1 cell, which is 12-fold less than the cells without ectopic hTERT expression (0.5 telomeric associations per G 1 cell). The differences in telomeric associations in interphase cells with and without hTERT were statistically significant as demonstrated by the Student's t-test (Po0.001). Spontaneous chromosome breaks in G 1 -phase cells (HFF) without ectopic hTERT expression occur at 0.2 breaks per cell, which is 20-fold higher than the cells with ectopic hTERT expression (HFF+hTERT) with 0.04 breaks per cell (Po0.001).
hTERT expression improves DNA damage repair
The higher mRNA levels of some of the DNA repair genes (Table 1) suggest that genome stabilization in cells with ectopic hTERT expression could be because of enhanced repair capacity of the cells. To determine whether there is any difference in DNA repair efficiency in cells with and without ectopic hTERT expression, DNA repair was examined after treatment with ionizing radiation and cisplatin. Ionizing radiation produces DNA strand breaks, whereas cisplatin produces DNA adducts. Exponentially growing isogenic cells with and without hTERT expression were treated with 15 Gy of gamma rays and were allowed to repair at 371C for various time periods prior to the analysis by neutral filter elution for the residual levels of DNA strand breaks . Cells in logarithmic growth without ectopic hTERT expression (HFF) exhibited a slow rate of DNA repair along with higher residual DNA damage like the ataxia telangiectasia cell line GM5823 (A-T) cells, whereas cells with ectopic hTERT expression (HFF+hTERT) had a fast rate of DNA repair and less residual DNA damage (Figure 8a) .
The most frequent damage that occurs in vivo is DNA adduct formation and deficiency in its repair is linked with the age of an individual. DNA interstrand crosslinks produced by the incubation of human peripheral blood mononuclear cells with cisplatin (CDDP) are repaired faster in young donors (age 25 years) as compared to individuals of an elderly group (age above 75 years) (Rudd et al., 1995) . Those from the elderly group have significantly higher mean levels of crosslinking after CDDP treatment and this could be indicative of impaired DNA repair capacity in the cells from the elderly group. Since telomere shortening also correlates with advanced age and hTERT expression stabilizes telomeres, we investigated whether hTERT expression has an influence on DNA adduct repair. Thus, DNA adduct repair was examined by alkaline elution in cells after treatment with CDDP (Nishikawa et al., 1993) . The extent of DNA interstrand crosslinking was measured up to 24 h after treatment with 5mg/ml CDDP (1 h treatment with drug) (Figure 8b ). The rate of formation of DNA crosslinks reached a peak level 11 h after treatment in cells with and without ectopic hTERT expression. However, a sharp contrast in the repair process was observed (Figure 8b ). DNA damage was rapidly repaired in cells with ectopic hTERT expression after 15 h following exposure to CDDP, while less change in interstrand crosslinking was observed in cells without hTERT expression. These results suggest that hTERT expression has a pronounced effect on the repair of DNA adducts.
One possible reason for faster DNA repair kinetics in hTERT-expressing cells could be because of the increased NTP pool levels. To determine whether there is a correlation between the levels of NTP and the kinetics of DNA repair, we measured the levels of intracellular deoxynucleotides (dNTP) and ribonucleotides (NTPs) in cells with and without ectopic hTERT expression utilizing previously described procedures (Plunkett et al., 1980; Sherman and Fyfe, 1989; Rodriguez et al., 2000) . Data from three separate experiments are summarized in Table 2 . When the dNTP pools were compared, the values were statistically similar. As expected, the intracellular levels of NTP pools were much higher: ATP being the highest of all four NTPs. Interestingly, cells with ectopic hTERT expression (HFF+hTERT) had relatively higher ribonucleotide pools as compared to the cells without ectopic hTERT expression (HFF) ( Table 2) or those expressing a mutant hTERT (data not shown). When comparing the ATP levels vs dATP levels, cells with hTERT expression (HFF+hTERT) had relatively lower levels of dATP but higher levels of ATP, suggesting that ectopic hTERT expression does influence ATP metabolism. Thus, an increased level of ATP may be an important factor responsible for the fast kinetics of the DNA repair. To test whether differences in ATP between HFF and HFF+hTERT cells were because of the differences in frequency of different phases of the cell cycle, we determined the frequency of G 1 , S and G 2 / M by procedures described previously . HFF+hTERT cells have similar cell cycle phase distribution to HFF cells, suggesting that the differences in the ATP levels are not due to differences in frequency of different phases of the cell cycle.
The above results established a possible role of hTERT in DNA repair. To determine whether hTERT protein is directly involved in the process of DNA endjoining, we used a well-characterized in vitro assay that involves the rejoining of DNA ends of pSP65 plasmid in HeLa cell extracts (Iliakis et al., 1999) . The pSP65 plasmid was digested with SalI and plasmid end-joining was performed as described previously (Iliakis et al., 1999) . hTERT protein in HeLa cell extracts was depleted by immunoprecipitation by using different concentrations of hTERT antibody. Complete immunodepletion of hTERT was confirmed by Western analysis and by conducting a functional telomerase activity assay. Figure 9A (a) shows the hTERT protein band in control lanes 1 and 2, while the hTERT band in the immunodepleted sample was undetected (lane 3). Telomerase activity was measured by TRAP-ELISA procedure and no activity was detected in the depleted extracts (data not shown). The hTERT immunodepleted extracts were used to assay for the DNA end-joining activity. No difference in DNA end joining was found in extracts with and without hTERT protein ( Figure 9A(b) ). We further analyzed whether the addition of hTERT antibody could influence the DNA end joining kinetics. An insignificant reduction in the plasmid end-joining was seen in the Figure 9A(c) ). Similar results were observed in HFF+hTERT cells (data not shown). These results suggest that hTERT protein itself does not directly interact with the DNA repair machinery. However, these observations do not rule out the possible role of TERT in chromosomal recombination. One way to determine the influence of TERT on recombination in vivo is to compare the formation of bouquets (also known as telomere clustering), synaptonemal complexes, sex bodies and chiasmata frequency in meiocytes of mTert null and control mice. Inactivation of mTert leads to telomere instability in mice but only after several generations (Liu et al., 2000) . To determine if such inactivation influences chromosomal recombination, we examined telomere clustering, synaptonemal complexes, sex bodies and chiasmata frequency in meiocytes of mTert null and control mice according to the standard procedure . It has been suggested that meiotic telomere clustering might support the alignment of homologs prior to their synaptic pairing (Scherthan 2001 ). We found no difference in the bouquet formation between the spermatocytes of mTert null and control mice (data not shown). The synaptonemal complex formation as well as sex body formation (Figure 9b ) was nearly identical in mTert null and control mice. We anticipated that the absence of mTert might indirectly influence the binding of telomere repeat-binding factor (TRF1) to telomeres, but immunostaining with the antibody against TRF1 was identical between the spermatocytes from mTert null and control mice (Figure 9b ). Further, chiasmata frequency determined in mTert null and control mice was identical. These results suggest that mTERT does not have a direct influence on the in vivo meiotic pairing or recombination process.
Discussion
The human telomerase holoenzyme contains a catalytic protein, hTERT and a 451-base integral RNA, hTR (Feng et al., 1995) , that are essential for assembling telomerase activity in vitro and in vivo (Weinrich et al., 1997) . In this report, we demonstrated for the first time that hTERT associates with telomeres and that this association is dependent upon both hTR as well as the RT motif of hTERT protein. The association of hTERT with telomeres was found in ectopically expressing hTERT cells (HFF+hTERT, HFF+Ad.hTERT) as well as in HeLa cells with endogenously expressed hTERT. Consistent with these results is the inhibition of hTERT association with the telomeric DNA by TRF1. However, overexpression of TRF1 did not have any influence on the association of hTERT protein with bulk genomic DNA, suggesting the specificity of hTERT binding to telomeres. Further, abolishing the expression of hTR or deletion in the RT motif of hTERT protein also did not influence the hTERT association with genomic DNA but did affect the binding to telomeres. The ChIP results described in this manuscript and immunohistochemistry results described earlier (MartinRivera et al., 1998; Tahara et al., 1999; Vaziri et al., 1999; Wood et al., 2001) suggest that hTERT does bind to total genomic DNA and the present data suggest that this binding is independent of hTR or the RT motif of hTERT. It is yet to be determined whether hTERT binds to any specific sequence of total genomic DNA. However, Etheridge et al. (2002) have demonstrated that hTERT localizes to the nucleolus. In contrast to this, hTERT binding to telomeres is dependent on hTR as well as the RT motif, which suggests that hTERT must be functionally reconstituted in order to interact with telomeres so that it could provide the function of replenishing the telomeric DNA.
It is thought that telomerase exerts its function on telomeres by extending telomere length. In yeast, as well as in human cells, it has been shown that telomere length influences transcription (Gottschling et al., 1990; Kyrion et al., 1993; Renauld et al., 1993; Baur et al., 2001) . However, it is yet to be determined as to what constitutes the optimum size for a telomere to be functional in mammalian systems. Here, we show that the expression of hTERT influences transcription 60 h after infection with an adenovirus vector expressing hTERT. This change in transcription occurs immediately after hTERT is found associated with telomeres. Whether such alteration in transcription could be linked to any change in telomere length is not clear, because of the fact that within 60 h of infection with adenovirus expressing hTERT, the cells may undergo two or three replications, which could add about 200 nucleotides at the end of telomeres. Such small changes in telomere length in mammalian cells could not be determined either by Southern or FISH analysis using telomere specific probes. It is yet to be determined whether such small changes in the telomere length would have any influence on the gene expression in mammalian cells. Recently, Baur et al. (2001) have shown that telomere position effect is operative in the human system. The fact that no major changes in telomere size are detected in such cells, after 60 h of infection with adenovirus expressing hTERT, suggests that change in transcription may be because of alteration of telomere-nuclear matrix associations.
Mammalian telomeres are packaged in telomerespecific chromatin (Smith and de Lange, 1997) . Human and mouse cells have their telomeric tracts attached to the nuclear matrix, which is a proteinaceous subnuclear fraction (Luderus et al., 1996; Smilenov et al., 1999) . In mammals, a nuclear matrix-binding site occurs at least once in every kilobase of the telomere tract (Luderus et al., 1996) . This indicates that mammalian telomeres have frequent multiple interactions with the nuclear matrix. Such interactions are influenced by hTERT protein as the cells with ectopic expression of hTERT were found to have less telomeric DNA associated with the nuclear matrix. This is based on the fact that alteration of telomere-nuclear matrix association was found after 48 h of infection and alteration in transcription was found after 60 h of infection with adenovirus expressing hTERT in HFF cells. These observations suggest that a change in the interaction of telomeres with the nuclear matrix may influence the pattern of transcription. The cell cycle profile of control HFF and adenoviral vector hTERT expressing HFF cells after 48 h of infection were similar (data not shown) and thus changes in proliferation are unlikely to account for the differences described above. Thus, it is possible that a novel function of hTERT may be to set the proper conditions for the change in interactions of telomeres with nuclear matrix, as a signal for transcriptional alterations in gene regulation. Although there is a link between the alteration of the interaction of telomeres with the nuclear matrix and change in transcription induced by ectopic expression of hTERT, it is yet to be determined how a change in telomere-nuclear matrix could influence transcription. The changes in the interaction of telomeres with nuclear matrix as well as change in the transcription induced by ectopic hTERT expression do not appear to be dependent upon major changes in the telomere length in HFF cells.
There is mounting evidence for the fact that the telomere participates in processes of chromosomal repair, as evidenced by the 'capture' or de novo synthesis of telomeric repeats at double-stranded breaks and by the capacity of yeast telomeres to serve as repositories of essential components of the DNA repair machinery, particularly those involved in nonhomologous endjoining (NHEJ) (Blackburn, 2001; Chan and Blackburn, 2002; de Lange, 2002) . Wong et al. (2000) demonstrated the role of telomerase and telomere function on the cellular and organismal response to ionizing radiation. They reported that loss of telomerase activity per se had no discernible impact on the response to ionizing radiation, but cells with telomere dysfunction in lategeneration TercÀ/À mice imparted a radiosensitivity syndrome associated with accelerated mortality. They also reported that the radiosensitivity of telomere dysfunctional cells correlated with defective DNA repair. Goytisolo et al. (2000) reported that short telomeres result in organismal hypersensitivity to ionizing radiation in mammals. Radiosensitivity has been linked with higher residual DNA damage. It is possible that the defective DNA repair could be because of the alteration or deficiency of components in the repair machinery. In this context, our gene expression comparison in isogenic cells with and without hTERT expression provided some valuable clues. hTERT expression enhances mRNA levels of several DNA repair genes and chromatin-modifying factors. This increase in the expression levels of such genes could be an important component in the cascade of events leading to genome stabilization. In the present study, we show that HFF+hTERT cells have 12-fold less telomere fusions and 20-fold reduced spontaneous chromosome breaks in G 1 cell as compared to the parent HFF cells.
What factors influence chromosome end associations? One possible factor is loss or shortening of telomeres, as suggested by Counter et al. (1992) ; another is altered chromatin structure (Smilenov et al., 1999; Dhar et al., 2000) . In our previous studies, we reported that the frequency of cells with chromosome end associations is higher in the G 1 phase than in the G 2 phase, with the fewest associations observed at metaphase (Pandita et al., 1995) . It is probable that the end associations seen at mitosis reflect a continuation of interphase chromosome behavior, indicating interactions or linkages between chromosome ends and the nuclear matrix. Thus, hTERT modifying the interactions of telomeres with the nuclear matrix may help to resolve the chromosome end associations seen at metaphase. Since we observe changes in the interactions of telomeres with nuclear matrix occur within 48 h after infection with adenovirus expressing hTERT, one of the functions of hTERT might be to influence associations of the telomeres with nuclear matrix and thus to stabilize the telomeres.
Besides the stabilization of telomeres, the frequency of spontaneous chromosome breaks was also influenced by the ectopic expression of hTERT. Cells with ectopic expression of hTERT (HFF+hTERT) have a significantly lower number of chromosome breaks as compared to the cells without ectopic expression of hTERT (HFF). The reduction in the spontaneous chromosome breaks could possibly be the result of better repair. This is consistent with the findings that cells expressing hTERT (HFF+hTERT) were found to have higher mRNA levels of several DNA repair and chromatinmodifying genes as compared to cells without ectopic expression of hTERT (HFF). HFF+hTERT cells have better repair kinetics of DNA DSBs as well as DNA crosslinks along with less residual damage as compared to the cells without ectopic expression of hTERT (HFF). The depletion of hTERT from cell extracts did not influence the DNA end-joining processes, nor did the inactivation of Tert in mice affected meiotic recombination. Overall, this indicates that TERT may not be directly involved in DNA damage-repair process.
The ability of hTERT to alter gene expression, stabilize the telomeres and enhance DNA repair prompted us to postulate that one important pathway that impacts DNA repair may involve ATP metabolism. DNA repair requires ATP and its hydrolysis by several repair proteins (Van Komen et al., 2000) . An ATPdependent branch migration and Holliday junction resolution during recombination and DNA repair is conserved from prokaryotes to mammals (Constantinou et al., 2001) . Nucleosomes are organized into ordered arrays along the DNA by ATP-dependent chromatin assembly and spacing factors such as ATP-utilizing chromatin assembly and remodeling factor ACE (Krude and Keller, 2001) .Consistent with the role of ATP in DNA repair, HFF+hTERT cells with ectopic expression of hTERT have relatively higher levels of ATP as compared to those of HFF cells without ectopic expression of hTERT.
Interestingly, ectopic expression of hTERT protein is associated with enhanced genome stability and DNA repair. How hTERT protein induces alteration in gene expression is not clear at present. One possibility is that hTERT interaction with telomeres leads to altered telomere-nuclear matrix associations, and such changes may generate signals to down regulate senescence-associated gene expression and to upregulate DNA repair-associated genes. Our findings suggest that upregulation of DNA repair genes coupled with the increase in the NTP pool levels could lead to telomere stability and the observed decrease in spontaneous chromosome damage. Therefore, we propose that the functional interaction of hTERT with telomeres represents a key biological activity of telomerase in human cells.
Materials and methods
Cell culture
Normal human primary foreskin fibroblasts without (HFF) and with (HFF+hTERT) ectopic hTERT expression and GM5823 cells were cultured according to the procedure described recently (Vaziri and Benchimol, 1998; Vaziri et al., 1999; Wood et al., 2001) . For most of the experiments, cells were examined at the PD of 46-50, unless specified. The maximum PD for HFF cells is 69, whereas HFF+hTERT cells have passed 150 PD. HeLa, 293 and CHO cells were cultured according to the described procedure .
Construction of the recombinant hTERT and TRF1 adenovirus
The adenovirus vector expressing hTERT (Ad.hTERT) or mutant hTERT (Ad.DhTERT) or TRF1 (Ad.TRF1) or mutant TRF1 (Ad.DTRF1) were created using the two-plasmid FLP recombinase system (Fan et al., 2000; Ng et al., 2000) . Deletions of 21 nucleotides (2250-2270) in the RT motif of hTERT gene and Myb domain in TERF1 were introduced by PCR and confirmed by Sequencing. The cloning strategy placed the hTERT or TRF1 gene under the control of the mouse CMV early promoter and replaced the E1 region of adenovirus. This derivative was then cotransfected, into subconfluent 293 cells, with the large adenovirus genomecontaining plasmid pBHGfrtdelE13FLP, which encodes the FLP recombinase but lacks a packaging signal necessary for the production of viable virus. Site-specific recombination between FRT sites present on both plasmids resulted in unit length genomes containing both the packaging signal and the hTERT or DhTERT or TRF1 or DTRF1 gene that replicated to give a packageable viral yield. Following initial characterization of the viral DNA to confirm the presence of the hTERT or TRF1 coding sequences, virus was plaque-purified and small stocks were prepared for use in subsequent experiments.
Western analysis, immunoprecipitation and telomerase assay
Immunoblots for hTERT proteins were done according to procedures described previously (Fu et al., 2000) . Immunoprecipitation of ectopically expressed hTERT or telomerase activity from cell extracts was performed by the procedure described recently (Ford et al., 2000; Wood et al., 2001) . Briefly, cells were broken open in lysis buffer (0.01% NP-40, 10 mm Tris pH7.5, 50 mm KCl, 5 mm MgCl 2 , 2 mm dithiothreitol, 20% glycerol plus protease inhibitors). Lysates were then centrifuged for 30 min at 16 000g to remove insoluble material and were used for immunoprecipitation. hTERT proteins were immunoprecipitated with anti-hTERT antibodies and protein A/G Sepharose. Immunoprecipitates were washed three times with lysis buffer. After washing, the beads were resuspended in lysis buffer and telomerase activity was determined using the Telomerase PCR-ELISA kit (Boehringer Mannheim) as described previously .
Chromatin immunoprecipitation
Human telomeric DNA coimmunoprecipitated with hTERT antibody (Vaziri et al., 1999; Fu et al., 2000; Kharbanda et al., 2000; Wood et al., 2001) on in vivo crosslinking was performed by the standard procedure described previously (Braunstein et al., 1993; Hsu et al., 1999) . Immunoprecipitated (IP) DNA was placed onto a membrane by using a dot-blotting apparatus and then hybridized with 32 P-labeled DNA probe. The following probes were used for hybridization: telomeric DNA, total human genomic DNA and Alu DNA. The blots were reused for hybridization with different probes after stripping. Quantitations of the DNA signals were achieved by phosphorimaging. The relative increase of hTERT binding to telomeres is determined by comparison with p21 binding to total genomic DNA.
Northern blot analysis
Total RNA was isolated from cells using RNeasy Kit (QIAGEN Inc. Valencia, CA, USA). A total of 10 mg were resolved on 1.5% agarose/formaldehyde gels and transferred to a nylon filter by using standard methods (Gene Screen; DuPont). Hybridizations with hTR probe were done in Quikhyb (Stratagene) according to the manufacturer's instructions. Filters were exposed to autoradiographic film for up to 3 days. To test the uniform loading of the samples, blots were stripped and reprobed with a 1.5-kb DNA fragment specific for 18S rRNA (ATCC clone HHCSA65).
RT-PCR
RNA was treated with RNase-free DNase (Boehringer Mannheim) (1 mg/ml) for 2 h at 371C, followed by heat inactivation at 651C for 10 min. RT reaction contained 1 mg DNase-treated RNA, 0.25 1 mg/ml pdN6 random primers (Pharmacia), 1 Â first strand buffer (GIBCO-BRL), 0.5 mm dNTP (Pharmacia), and 200 units MMLV-RT (GIBCO-BRL), and were incubated for 1 h at 371C. PCR was performed by using gene-specific primers along with the primers for alphaactin. The PCR samples were resolved by electrophoresis and the products were quantitated by ImageQuant software.
Microarray analysis
A complete description of the composition, performance of the microarray system and methodologies used in this study have been described recently (Vafa et al., 2002) and can be viewed at (http://sequence.aecom.yu.edu/bioinf/funcgenomic.html). Genes whose expression levels changed by a mean average of threefold or more are presented in the Results section because of large experimental variations for genes with intensity values o100 and expression ratio o3. The identities of all genes discussed in this report were confirmed by DNA sequence analysis of the corresponding cDNAs.
Determination of telomere-nuclear matrix association
Nuclear matrix halos were isolated by removing histones and other loosely bound proteins as described (Smilenov et al., 1999) . The nuclear halos were washed with a restriction enzyme buffer, 6 Â 10 6 halos were cleaved in a volume of 0.5 ml containing 1000 Units of restriction enzyme Sty1 for 3 h at 371C and the nuclear matrices were pelleted by centrifugation.
To purify released and attached DNA fragments to the nuclear matrix, both fractions were treated with proteinase K in a solution containing 10 mm EDTA, 0.5% sodium dodecyl sulfate and 10 mM Tris-HCl (pH 7.4) and incubated overnight at 371C. DNA was purified as described previously (Smilenov et al., 1999) . Agarose gel electrophoresis was performed for fractionation of DNA. For Southern blot analysis, equal volumes from about 10 6 halos were fractionated on 0.8% agarose gels. Prior to DNA loading, RNase was added to a final concentration of 10 mg/ml. Fractionation of DNA, transfer to a Hybond-N membrane, or slot blotting of DNA, hybridization with a 32 P-labeled (TTAGGG) 5 probe, and detection were done as described previously (Smilenov et al., 1999) . Quantitation and comparison of the telomeric DNA was performed on a phosphorimager using total (T), released in the supernatant (S) or in the pellet (P).
Determination of terminal restriction fragment (TRF) analysis and detection of telomeres
For the determination of telomere length, DNA was isolated and digested with the restriction enzymes Rsa1 and Hinf1, which do not cut TTAGGG sequences, processed for fractionation, and hybridized with a 32 P-labeled (TTAGGG) 5 probe. Detection and measurement of TRF lengths were performed as described earlier using ImageQuant version 1.2., Molecular Dynamics (Smilenov et al., 1999) . Detection of telomeres on metaphases was done by FISH using telomerespecific probe .
G 1 Chromosome studies
Johnson and Rao (1970) discovered the premature chromosome condensation (PCC) technique that allows chromatin of G 1 or G 2 phase cells to become visibly condensed as interphase chromosomes, when such cells are fused with mitotic cells. Factors from mitotic cells cause the interphase chromatin to undergo a prophase-like reaction whereby the nuclear membrane dissolves and the interphase chromatin is induced to condense into chromosomes prematurely. Thus, this technique allows direct visualization of chromosomes in interphase cells. Cells from G 1 phase exhibit a single chromatid per chromosome as compared to two chromatids at G 2 phase or in metaphase cells. The premature chromosome condensation technique in combination with in situ hybridization was used to visualize telomeric associations and chromosome damage directly in G 1 phase cells (Pandita et al., 1994 (Pandita et al., , 1995 . A total of 200 PCC spreads were microscopically examined for frequencies of chromosome end associations and chromosome damage.
Determination of DNA DSBs
The level of DNA double-strand breaks (DSBs) in cells was estimated using a neutral DNA filter elution method described previously . The relative elution (RE) was calculated as RE ¼ Àlog (F i /F c ), where F i and F c are the fractions of DNA left on the filter for the irradiated (i) and unirradiated (c) cells. In all experiments, F c was 9772%.
DNA interstrand crosslinking repair
The covalent interactions between the two strands constituted by crosslinks in duplex DNA molecules can be detected by gelelectrophoretic mobility, filter alkali elution and special density-labeling procedure (Roberts, 1978) . Here, we employed the filter alkaline elution method to determine cis-platininduced DNA interstrand crosslinking. The principle behind this technique for the determination of DNA crosslinks is that under alkaline conditions, crosslinked DNA behaves as a duplex and this DNA can be separated from totally denatured (noncrosslinked) DNA by alkaline elution (Pommier et al., 1985) . The details of estimating DNA crosslinks by the filter alkaline elution method have been described previously (Nishikawa et al., 1992) . To allow detection of DNA-DNA crosslinks, harvested cells were treated with 3 Gy of g-rays at a dose rate of 1 Gy/min.
DNA crosslinking was estimated as
Crosslink ratio ðcGy equivalentÞ ¼ 1 À r 0 1 À r À 1Â300
where r and r 0 are the fractions of DNA remaining on the filter for CDDP-treated and control cells, respectively.
In vitro repair assay
HeLa cells were grown in suspension in a spinner flask in S-MEM supplemented with 5% BCS. Whole cell extracts were prepared by a procedure described previously (Iliakis et al., 1999) except that the salt concentration after the dounce homogenization step was adjusted to 500 mm KCl. In all, 50 ml anti-hTERT serum or 50 ml of normal rabbit serum was incubated overnight at 41C with 25 ml of rProtein A (RepliGen) and 25 ml of rProtein G (GiBCO-BRL) sepharose beads in 1 ml of dialysis buffer containing 50 mg/ml of BSA under continuous slow rotation. Subsequently, the beads were washed and distributed into three tubes. A volume of 200 ml of HeLa whole-cell extract (12.5 mg/ml) was added to one tube. After rotating at 41C for 2 h, the supernatant was transferred to the second tube, and after a further 2 h to the third tube. The supernatant was removed from the last tube, tested for the level of immunodepletion by Western blotting, telomerase activity and ability to support plasmid end joining.
Plasmid pSP65 (3.0 kb) was prepared using CsCl 2 -EtBr gradients, and then digested with SalI and used for reactions. Plasmid end-joining reactions were performed in 20 mm HEPES-KOH (pH 7.5), 10 mm MgCl 2 , 80 mm KCl, 1 mm DTT, 0.25 mg of DNA, and different amounts of cell extract in a final volume of 20 ml at 251C for 1 h. Reactions were stopped by addition of 2 ml of 5% SDS, 2 ml of 0.5 M EDTA and 1 ml of proteinase K (10 mg/ml) and were then incubated for 1 h at 371C. One-half of the reaction was loaded on 0.7% agarose gel and run at 45 V (2 V/cm) for 5 h. Gels were stained in SYBR Gold and scanned in a Fluoroimager (Molecular Dynamics). Quantitation was carried out using the ImageQuant software.
Plasmid end joining was also performed in the presence of anti-hTERT serum. Anti-hTERT serum and normal rabbit serum were diluted from 1 : 1 to 1 : 32 in PBS, 1 ml was added to the end-joining reaction prior to the addition of ATP and plasmid DNA. After incubation at 251C for 10 min, ATP and plasmid DNA were added to start the rejoining reaction.
Meiotic chromosome preparations, immunocytochemistry and fluorescence in situ hybridization
Mice deficient for TERT were obtained from Dr L Harrington (Ontario Cancer Institute/Amgen Institute, Toronto, Canada). The alleles are carried on mixed genetic background mice (129SvEv Â Black Swiss). Generally, mice of about 4 months of age, were killed and testes resected for further processing or instant snap freezing in liquid nitrogen. Structurally preserved suspension nuclei were prepared by crosslinking fixation with PBS-buffered formaldehyde (Scherthan et al., 2000) . A polyclonal rabbit anti-SCP3 antiserum was utilized to detect axial cores and complete SCs . Antibodies to TRF1 were kindly provided by Titia de Lange (Rockefeller University, New York, USA). Immunofluorescence staining of the SC lateral element SCP3 protein was done as described previously . A directly labeled (TTAGGG) 3 PNA probe was used for FISH to detect telomere repeats (telo-FISH). Telo-FISH was combined with IF. This was achieved by first performing immunostaining and then preparations were subjected to simultaneous denaturation in the presence of the telomere probe (Scherthan et al., 2000) . Labeling, FISH and detection of oligonucleotides were performed as described (Scherthan et al., 2000) .
Determination of intracellular nucleotide pools
Deoxynucleotides (dNTP): For measurement of cellular dNTP pools, dNTP standards were obtained from Pharmacia (Piscataway, NJ, USA). Nucleotides were extracted using 60% methanol for the determination of dNTP pools. The DNA polymerase assay as modified by Sherman and Fyfe (1989) was used to quantitate dNTPs in the cell extracts. A Klenow fragment of DNA polymerase I lacking exonuclease activity (US Biochemical Corporation, Cleveland, OH, USA) was used to start a reaction in a mixture that contained 100 mm HEPES buffer, pH 7.3, 10 mm MgCl 2 , 7.5 g BSA, and synthetic oligonucleotides of defined sequences as templates annealed to a primer, [ Reactants were incubated for 1 h and applied to filter disks. After the disks were washed, the radioactivity on the disks was determined using liquid scintillation counting and compared with that in the standard dNTP samples.
Ribonucleotide (NTP): For ribonucleotide analyses, NTPs were obtained from Sigma and were used as standard on highpressure liquid chromatography (HPLC). Exponentially growing cells were used to determine normal ribonucleotide pools. After being washed with phosphate-buffered saline, cells were processed using standard extraction procedures with perchloric acid (Plunkett et al., 1980) . Ribonucleotides were separated on an anion-exchange Partisil-10 SAX column (Waters Corporation, Milford, MA, USA) using HPLC as described in detail previously (Rodriguez et al., 2000) . The intracellular concentration was calculated and expressed as the quantity of nucleotides contained in the extract from a given number of cells of a determined mean volume. This calculation assumes that nucleotides are uniformly distributed in total cell water. In general, the lower limit of detection of this assay was about 10 pmol in an extract of 2 Â 10 7 cells, corresponding to a cellular concentration of about 2 mM.
